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ABSTRACT
Metallic foams are a new class of materials that have a great potential to be used in various functional and structural 
applications. Due to their competitive price compared to aluminium, metallic foams are anticipated to become an 
alternative material for light-weight structures. In this study, stainless steel foams are fabricated using a powder space 
holder method. The materials used include stainless steel powder, a novel space holder glycine and binders consisting 
of palm stearin and of polyethylene (PE). The stainless steel foams are sintered at 1100oC, 1200oC and 1300oC with 
sintering times of 1, 2 and 3 h, respectively, to investigate the effects of the sintering parameters on the compressive yield 
strength of the stainless steel foams. The results showed that all of the stainless steel foams produced exhibit the general 
behaviours of metal foams. The sintering time is the most significant parameter that influences the compressive yield 
strength of stainless steel foams. Increasing the sintering temperature and sintering time will increase the compressive yield 
strength. The interaction between the sintering temperature and sintering time is found to be not statistically significant. 
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ABSTRAK
Logam berbusa merupakan kelas bahan terbaru yang mempunyai potensi yang besar untuk digunakan dalam pelbagai 
aplikasi fungsi dan struktur. Disebabkan harganya yang kompetitif berbanding dengan aluminium, logam berbusa 
dijangka menjadi bahan alternatif untuk struktur berat-ringan. Dalam kajian ini, keluli tahan karat berbusa difabrikasi 
menerusi kaedah pemegang pengisi ruang. Bahan yang digunakan termasuklah serbuk keluli tahan karat, pemegang 
pengisi ruang terbaru, glisina dan bahan pengikat yang terdiri daripada stearin sawit dan polietilena (PE). Keluli tahan 
karat berbusa disinter pada suhu 1100oC, 1200oC dan 1300oC dengan masa pensinteran masing-masing 1, 2 dan 3 jam 
untuk mengkaji kesan parameter pensinteran terhadap kekuatan mampatan keluli tahan karat berbusa. Keputusan kajian 
menunjukkan bahawa semua keluli tahan karat berbusa yang dihasilkan menunjukkan perilaku umum logam berbusa. 
Masa pensinteran merupakan parameter yang paling signifikan mempengaruhi kekuatan mampatan keluli tahan karat 
berbusa. Peningkatan suhu dan masa pensinteran akan meningkatkan kekuatan mampatan. Interaksi antara suhu 
pensinteran dan masa pensinteran didapati tidak ketara.
Kata kunci: ANOVA; busa logam; kekuatan mampatan; pemegang pengisi
INTRODUCTION
Metallic foams, a new class of materials, have recently 
gained considerable attention due to their excellent physical 
and mechanical properties. They are used in a wide range 
of applications, including lightweight structures; functional 
applications such as filtration, separation and heat or mass 
exchange; and sound or energy absorption. Many metals 
and metal alloys, such as aluminium, magnesium, titanium 
and their alloys, have been successfully foamed or made 
into cellular structures. Of these metals and metal alloys, 
aluminium is the most common and popular metal to have 
been foamed because of its ease of processing.
 Recent developments in metallic foams have increased 
the need for developments in other materials. Stainless 
steel foam is one of the materials being developed. The 
physical and mechanical properties of stainless steel foam 
are comparable with those of aluminium foam. Its lower 
cost makes stainless steel foam a potential candidate 
for civil engineering and construction applications. 
Furthermore, stainless steel can also be used for medical 
implants because of its biocompatibility and high corrosion 
resistance. To date, the manufacturing of stainless steel 
foam is focused on powder metallurgy (PM) methods due 
to stainless steel’s high melting temperature. One of the 
popular PM methods used to fabricate metal foams is the 
spacer holder method. In this method, metal powder is 
mixed with a space holder powder. After the parts have 
been shaped, the pores are formed by removing the space 
holder powder at low temperatures. Finally, the part is heat 
treated to obtain the desired properties. With the space 
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holder method, the pore size and pore shape of the metal 
foams can be easily tailored.
 There are a number of studies concerning the 
fabrication of metal foams via the space holder method 
(Alizadeh & Mirzaei-Aliabadi 2012; Esen & Bor 2007; 
Jiang et al. 2005; Jha et al. 2013; Kotan & Bor 2007; Surace 
et al. 2009). However, these studies are mainly focused 
on aluminium and titanium. Very little attention has 
been given to stainless steel. In order to fully understand 
the characteristics and properties of stainless steel foam 
fabricated via the space holder method, the present work 
examines the general compressive behaviour of stainless 
steel foam and the effect of sintering parameters on the 
compressive yield strength of stainless steel foam. The 
sintering parameters examined include the sintering 
temperature and sintering time. The pore size and pore 
shape distributions will be discussed in another publication.
EXPERIMENTAL DETAILS
Water-atomized 316 L stainless steel powder with a particle 
size of D50 = 17 μm was used in this study. Glycine was 
used as the space holder. The space holder particles have 
an irregular shape and a size in the range of 220 to 617 μm. 
Glycine is a novel space holder and was chosen because 
of its low cost and its chemical properties. It is a non-toxic 
amino acid that can be produced with very high purity 
(Abdel et al. 2011). In addition, glycine is highly soluble in 
water and has a relatively low decomposition temperature. 
Therefore, it can be removed either by dissolution or 
thermal decomposition. 
 In order to increase the strength of the green compact, 
9 wt. % of binders, consisting of palm stearin and 
polyethylene (PE), were added to the stainless steel and 
space holder mixture. The mixture was placed in a sigma 
type blade mixer for 105 min. Then, the homogenous 
mixture was uniaxially pressed at a pressure of 9 ton/m2 
into green compacts with sizes of 15 mm ø × 20 mm L. 
The green compacts were then immersed in heptane and 
distilled water for 8 h each to remove the binders and 
glycine. Prior to sintering, the green compacts were heat 
treated at 250°C for 2 h and at 500°C for 1 h to remove 
the residual binders and space holder. In order to study the 
influence of the sintering parameters, the green compacts 
were sintered at temperatures of 1100°C, 1200°C and 
1300°C and with sintering times of 1, 2 and 3 h. Scanning 
electron microscopy was used to characterize the sintered 
samples. Finally, the relative densities of specimens were 
measured using Archimedes method and compression tests 
were carried out on the specimens at room temperature 
with a strain rate 2 mm/min.
RESULTS AND DISCUSSION
GENERAL BEHAVIOUR OF FOAMS
Stainless steel foams with porosities of 19-39% were 
fabricated. The scanning electron micrograph of the stainless 
steels foam is shown in Figure 1. Two types of pores are 
observed in the micrograph: Small isolated micropores and 
interpenetrated macropores. The macropores have a pore 
size of approximately 500 μm and result from the removal 
of the space holder. The small micropores are formed due 
to incomplete sintering of the stainless steel powder (Bekoz 
& Oktay 2013). Interpenetrated macropores formed are 
very suitable for certain functional applications, such as 
filtration, separation and medical implants.
 According to the literature (Dewidar et al. 2007; Esen 
& Bor 2007; Jha et al. 2013; Kotan & Bor 2007; Surace 
et al. 2009), the stress–strain behaviour of metallic foams 
is characterized by three distinct regions: Stress rising 
linearly with strain at low stresses (elastic deformation); 
a long plateau stage with small increases of flow stress 
yielding large strains; and a densification stage where the 
cell walls come into contact one with another, causing 
the flow stress to increase rapidly. Figure 2 shows the 
compressive deformation curves for the specimens with 
different porosities. The stainless steel foams produced 
FIGURE 1. Scanning electron micrograph of stainless steels foam
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exhibit typical compressive behaviour of metallic 
foams. However, the plateau stage of all the curves is 
not noticeable, which could be due to the low porosity 
of the stainless steel foam. The higher porosity foam 
structure would exhibit a longer and flatter plateau region 
because the structure gives the chance to the cell walls for 
collapsing and deforming (Alizadeh & Mirzaei-Aliabadi 
2012). 
 Figure 2 also shows that the compressive yield strength 
of the stainless steel foams is inversely proportional to 
their porosity. The mechanical behaviour of metallic foams 
can be described using the Gibson-Ashby model (Ashby 
et al. 2000; Gibson & Ashby 1997; Schüler et al. 2013). 
Gibson and Ashby (Ashby et al. 2000; Gibson & Ashby 
1997) showed the relationship of relative stress and relative 
density for cellular materials as follows: 
  
(1)
where ρ is the density of the foam; ρys is the density of the 
bulk material; σ
pl
 is the yield stress of the foam; σys is the 
yield stress of the bulk material; and C is a constant of 0.3 
for cellular metals and polymers. 
 The nominal yield strength of the fully dense 316 L 
stainless steel is 172 MPa (Dewidar et al. 2007). Figure 
3 shows the effect of porosity on the compressive yield 
strength of the stainless steel foams fabricated in this study. 
Both experimental and theoretical data show decreases 
in the compressive yield stress with increasing porosity. 
Furthermore, all theoretical stress data are higher than the 
experimental data. This result is a consequence of different 
deformation behaviour between the theoretical hypothesis 
and the experimental (Dewidar et al. 2007; Wen et al. 
2001). However, the deviation between theoretical stress 
and experimental stress becomes smaller as the porosity 
increases. Hence, the Gibson-Ashby model best describes 
the compressive behaviour of the stainless steel foams 
when the porosity exceeds 30%.
EFFECT OF SINTERING PARAMETERS ON COMPRESSIVE 
YIELD STRENGTH
In order to study the effect of the sintering parameters, nine 
experiments (five replications of each experiment) with 
different sintering temperatures and sintering times were 
performed. The analysis of variance (ANOVA) technique 
was used to draw meaningful conclusions from the data. 
From the ANOVA results shown in Table 1, the relative 
significance and the effects of the sintering parameters were 
FIGURE 2. Compressive stress-strain curves for stainless steel foams with different porosities 
(sample with porosity 19% carried out at 2 h, 1200°C; porosity 22% carried out at 3 h, 1100°C 
and porosity 39% carried out at 1 h, 1100°C)
FIGURE 3. Effect of porosity on the compressive yield strength of stainless steel foams
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determined. Both sintering temperature and sintering time 
have a significant effect on the compressive yield strength 
at a 90% significance level. The most significant factor is 
shown by the much lower p-value. 
 The response graphs presented in Figure 4 shows that 
a higher sintering temperature yields higher compressive 
yield strength. At a sintering temperature of 1100°C, the 
stainless steel foam displays low compressive yield strength. 
The main reason for this result is an insufficient sintering 
process at low sintering temperatures. Insufficiently sintered 
PM materials have low mechanical properties (Dewidar 
2012; German 1996). The SEM image shown in Figure 5 
clearly indicates that the number of pores in stainless steel 
foam is greater with sintering at 1100°C compared with 
sintering at 1300°C. Although a sintering temperature of 
1100°C has promoted neck formation, the bond formed is 
weak and the powder particles cannot fully bond to each 
other. The bonds formed among powder grain boundary 
are weak if the powder particles cannot form exact bond 
for each other (Dewidar 2012). When temperature increases 
to 1300°C, the grains diffuse quickly along the boundary, 
causing the elimination of the pores and densification of the 
part. Thus, increasing the sintering temperature will increase 
the compressive yield strength of stainless steel foam. 
 Yoon et al. (2003) showed that increasing the sintering 
time and temperature does not change the yield strength 
of 316 L stainless steels because of grain coarsening. 
Conversely, in this study, the stainless steel foam exhibited 
increased compressive yield strength with increasing 
sintering time. The result of this study is consistent 
with the results obtained by Mutlu and Oktay (2013) 
and Salahinejad et al. (2010). As discussed previously, 
the compressive yield strength of stainless steel foam is 
affected by its relative density. German (1996), in his model 
describing the sintered fractional density, has noted that 
increasing the sintering time will increase the density of the 
part. An increased sintering time results in the parts having 
a longer exposure time to sintering activity, which results 
in densification of the part and a decrease in the number 
of pores. Consequently, increasing the sintering time will 
improve the mechanical behaviour of stainless steel foam. 
Despite the increase in compressive yield strength with 
increased sintering temperature and time, the stainless steel 
foam sintered at 1300°C for 3 h exhibited a lower strength 
compared with the stainless steel foam sintered at 1200°C 
for 3 h. When the part is sintered at 1300°C for 3 h, small 
pores coalesce, leading to the growth of larger pores, which 
retards the sintering activity. The growth of large pores 
in a metal foam structure will decrease the compressive 
yield strength of the metal foam (Ahmad et al. 2010). The 
SEM image in Figure 6 shows pore coalescence occurring 
when the part is sintered at 1300°C for 3 h. Although this 
TABLE 1. ANOVA table for compressive yield strength
Source DF SS MS F p-value
Sintering Temperature
Sintering Time
Interaction
Error
Total
2
2
4
36
44
89.681
133.648
19.083
668.628
911.040
44.841
66.824
4.771
18.573
 
2.41
3.60
0.26
0.104
0.038
0.904
*DF, degrees of freedom; SS, sum of squares; MS, mean square
FIGURE 4. Main effect plot for the compressive yield strength of stainless steel foams
  657
observation suggests that there is an interaction between 
the sintering temperature and sintering time, the ANOVA 
results indicate that this interaction is not statistically 
significant. In general, increasing the sintering temperature 
and sintering time will increase the compressive yield 
strength of stainless steel foams.
CONCLUSION
Stainless steel foams with porosities in the range of 19-
39% were successfully manufactured via the powder 
space holder method. All stainless steel foams show the 
compressive behaviour of metallic foams. From this 
study, it can be concluded that the Gibson-Ashby model 
is suitable for describing the mechanical properties of 
stainless steel foams when the porosity is greater than 
30%. There is significant evidence that the sintering 
temperature and sintering time affect the compressive 
yield strength of stainless steel foams. As the sintering 
temperature and sintering time increase, the compressive 
yield strength will increase. However, sintering at 
1300°C for 3 h will cause pore coalescence. Finally, the 
interaction between sintering temperature and sintering 
time was found to not be significant to compressive 
yield strength. By using the Gibson-Ashby model and 
controlling the sintering conditions, stainless steel foams 
with various strengths can be fabricated to fit the required 
functional applications.
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